24 2 ABSTRACT 1 2 Under strong pathogen pressure, insects often evolve resistance to infection. Many insects are also 3 protected via immune memory ('immune priming'), whereby sub-lethal exposure to a pathogen 4 enhances survival after secondary infection. To understand the evolution and consequences of these 5 immune responses, we imposed strong pathogen selection on flour beetles (Tribolium castaneum), 6 infecting them with Bacillus thuringiensis (Bt) for 11 generations. Populations injected first with heat-7 killed and then live Bt each generation evolved high basal resistance against multiple Bt strains. In 8 contrast, all populations injected only with a high dose of live Bt evolved less effective but strain-9 specific priming response. Control populations injected with heat-killed Bt did not evolve priming; 10 and in the ancestor, priming was effective only against a low Bt dose. Thus, pathogens can select for 11 rapid modulation of insect priming ability, leading to divergent immune strategies (generalized 12 resistance vs. specific immune priming) with distinct mechanisms and adaptive benefits.
INTRODUCTION

2
A large body of work shows that strong pathogen pressure drives the evolution of resistance 3 mechanisms in insect hosts, reducing the fitness impact of infection (Fellowes et al. 1999 ; Kraaijeveld resistance pathways, and their relative costs, are not well understood. Thus, from an evolutionary 1 perspective it is not even clear whether insect immune memory and resistance are distinct phenomena.
In contrast to direct resistance, we do not know whether priming can evolve rapidly, and whether (and 3 when) it is adaptive in natural populations.
5
To begin to understand the impact of pathogen pressure on the evolution of alternative immune 6 strategies (priming vs. resistance), we allowed replicate outbred laboratory populations of the flour 7 beetle Tribolium castaneum to evolve with their natural pathogen Bacillus thuringiensis (strain DSM 8 2046, henceforth Bt, isolated from a Mediterranean flour moth as described in Roth et al. 2009; Khan 9 et al. 2016) . The pathogen imposes significant mortality on the ancestral beetle population (~65% 10 mortality within 2 days after infection; Figure S1 ), imposing strong selection on their immune 11 function. Importantly, although the ancestral population was capable of mounting a priming response 12 against Bt infection (~8000 cells per beetle; Khan et al. 2016) , this basal priming ability was 13 ineffective against the relatively higher dose of infection used here (~12000 cells; Figure S1 ). Thus, at 14 the beginning of the experiment, beetle populations had low effective basal resistance as well as no 15 priming ability against Bt. We tested whether populations evolve stronger priming or higher 16 resistance when exposed to a single severe infection each generation (no priming opportunity) vs. 17 when given the opportunity for priming (first injected with heat-killed bacteria, then infected with live 18 pathogens). We found that populations showed divergent responses to Bt infection, either evolving 19 immune priming against the specific Bt strain used for selection, or more effective but non-specific 20 basal resistance.` 21 22
RESULTS
24
We allowed replicate beetle populations to evolve under different selection regimes designed to 25 impose strong pathogen selection (infection with live Bt cells each generation; Figure 1A , see 26 Methods for details). Populations evolved with or without an opportunity for priming (pricked with 27 buffer or heat-killed Bt cells before live Bt infection). Control populations evolved without direct 28 selection by Bt ( Figure 1A) . After 8 and 11 generations of selection, we propagated parallel 1 populations under relaxed selection for two generations, and thereafter measured priming ability 2 (survival rate of unprimed vs. primed beetles) and basal resistance (survival rate of unprimed vs.
3 uninfected control beetles) to Bt in these standardized populations (see Figure 1B ). As expected, the 4 high infection dose in each generation imposed substantial mortality (and therefore strong selection) 5 on populations in I (infection only) and PI (priming + infection) regimes. However, within a single 6 generation of selection, post-infection survival (after 2 days) increased from ~40% in the ancestor to 7 ~4 5% in I populations, and as high as ~68% in PI populations ( Figure 2 ). After 11 generations of 8 selection, adult survival increased further: ~50% adults in I populations and ~80% adults from PI 9 populations survived infection. As expected, adults in the C (control) and P (priming only) 10 populations that were never exposed to Bt maintained very high survival (~90-100%) throughout the 11 experiment ( Figure 2 ). Note that regardless of variation in post-infection survival, we used 60 mating 12 pairs to initiate each successive generation for all populations (accounting for expected mortality, we 13 infected a larger number of beetles; see Methods). This design allowed us to ensure strong selection 14 on survival every generation without imposing a bottleneck.
16
To determine the mechanism responsible for decreased post-infection mortality in evolved PI and I 17 regimes, we used females from standardized populations generated after 8 generations of selection. As 18 expected, females from populations that were not exposed to live pathogen (unhandled ancestral 19 population, and populations from C and P regimes) showed high mortality after infection and no 20 survival impact of priming (Figures 3A-C and first two panels of Figures 3F and 3G ). Thus, neither 21 priming nor resistance had evolved in these populations. We found that highly effective basal 22 resistance to Bt had evolved in 3 of 4 PI populations, conferring survival rates nearly as high as 23 uninfected control beetles (Figures 3D, 3 rd panel of Figure 3G ). However, in the fourth population 24 (population PI4), we observed significant priming ability that conferred a 2-fold survival advantage
25
(3 rd panel of Figure 3F ). Note that all PI populations were first injected with heat-killed and then live 26 Bt each generation, allowing an opportunity for the evolution of priming-induced survival benefits.
27
Despite this opportunity for priming, only one population showed evidence of priming ability after 8 28 6 generations of selection. In contrast to PI populations, 3 of 4 populations in the I regime (infected with 1 a single high dose of Bt) evolved priming ability rather than resistance. Although unprimed I beetles 2 remained highly susceptible to infection, priming resulted in significantly improved survival (~3-fold 3 increase in survival, Figure 3E 
8
We found comparable results when we analyzed female survival beyond the experimental selection 9 window (until day 50): all replicate populations from the I regime showed a 2-to 4-fold survival 10 benefit of priming, and 3 of 4 PI populations showed increased basal resistance with similar lifespan 11 to control females but no priming ability (see Figure S2C and D for survival curves; see Figures S2E 12 and F for hazard ratios). The only replicate population (PI4) that did not evolve higher resistance 13 showed priming instead (2-fold survival benefit; Figure S2C , E-F). Analyzing standardized females 14 derived after 11 generations of pathogen selection, we found that females from all I populations now 15 showed priming (2-4-fold survival benefit) within the selection window ( Figure 3H ), and all PI 16 populations showed higher resistance ( Figure 4I ; see Figure S3 for survival curves). Thus, females 17 from population PI4 showed priming after 8 generations of selection, but subsequently evolved population showed a similar trend (~2-fold survival benefit of priming), but the response was only 24 marginally significant (p = 0.061; see Figures S4D and E). Overall, it thus appears that both sexes 25 evolve similar immune strategies in response to pathogen selection (compare Figure S3 and S4).
26
Together, our results suggest that under pathogen selection, a population can either evolve improved 7 resistance or priming ability but not both. Importantly, our results also suggest that the survival 1 benefit of evolved basal resistance or priming lasts beyond the selection window.
3
We used standardized females derived at generation 8 to also test whether the evolved priming 4 response and resistance were specific to the Bt strain used to impose selection. We found that none of 5 the populations showed priming ability against another highly virulent B. thuringiensis strain (MTCC Methods for details). Thus, the evolved priming response was specific to the pathogen strain imposing 8 selection. In contrast, we found that evolved resistance was non-specific: PI populations that evolved 9 resistance against Bt were also more resistant to Bt1 (3 of 4 populations, except PI4; see Figure 4C for 10 survival curves & Figure 4F for hazard ratios). Finally, we tested whether the evolved survival benefit 11 against Bt infection requires specific priming with the same strain (homologous priming). We found 12 that only beetles receiving homologous priming showed a survival benefit (2.5 to 3-fold survival Here, we used experimental evolution to establish the causal link between pathogen-imposed selection 20 and rapid, adaptive evolution of immune memory in an insect. We found that priming ability evolved 21 repeatedly in I populations, where beetles were directly exposed to a single high dose of infection 22 with B. thuringiensis (strain DSM 2046; Bt) each generation. Importantly, beetles from these 23 populations were as susceptible to the pathogen as control populations (C & P regimes), and showed 24 no increase in basal resistance. Thus, the evolved priming ability did not confer substantial survival 25 benefits during experimentally imposed selection. Surprisingly, we found that despite an opportunity 26 for priming, PI populations consistently evolved increased basal resistance rather than significant 27 immune priming. Thus, immune priming and improved basal resistance seem to be mutually exclusive 28 8 responses to pathogen pressure. Intriguingly, one population (PI4) first evolved priming ability before 1 gaining resistance, suggesting that immune priming may be selectively favored as an intermediate 2 step preceding increased resistance. Although this single observation should be interpreted cautiously, 3 it suggests the potential for rapid and complex dynamics in the evolution of alternate immune 4 strategies.
6
We found that the evolved priming response in I populations was restricted to the Bt strain used for 7 selection: priming with heat-killed Bt1 (strain MTCC 6905) did not confer a survival advantage after et al. 2006; Vivier et al. 2011) . Hence, an additional possibility is the involvement of insect 23 equivalents of natural killer cells in mediating strain-specific priming in our evolved lines. We also 24 note that ancestral beetles already showed priming against lower doses of Bt infection (Khan et al.
25
2016), but not against the high dose of Bt that we used for selection. Since the cellular and molecular 26 machinery for mounting a priming response was already present in the beetles, it was perhaps simply 27 modified during experimental evolution to efficiently counter a higher pathogen dose. We thus 28 9 speculate that the evolved priming response involved a quantitative (rather than qualitative) change -1 e.g. genes that were up-regulated in the ancestral population after a relatively low dose of Bt infection 2 may be up-regulated further or faster in the evolved lines. In contrast to the high specificity of 3 immune priming in I populations, we found that three of four PI populations showed generalized 4 resistance against multiple strains of B. thuringiensis, suggesting that the divergent immune responses 5 are driven by different mechanisms. Clearly, more work is needed to understand how specific immune 6 memory and general resistance are achieved in insect immunity despite the lack of somatic 7 recombination required for the development of adaptive immunity in vertebrates. We speculate that 8 while vertebrate immune memory is mechanistically distinct, functionally it may not be as unique as 9 traditionally believed.
11
One of the most striking outcomes of our experiment is the highly parallel yet mutually exclusive 12 evolution of priming in I populations and increased resistance in PI populations. Priming evolved in 13 only one PI population, only to be rapidly replaced by increased basal resistance. What prevented the 14 evolution and maintenance of priming in PI populations? Conversely, why didn't a resistance allele(s) 15 sweep through I populations, despite the large potential selective advantage? One way to approach 16 these questions is to determine the relative costs and benefits of hypothetical "priming" vs.
17
"resistance" alleles, and ask whether their net benefit may vary as a function of I and PI treatments. It 18 is clear that the survival benefit of evolved resistance was greater than the benefit of evolved priming,
19
suggesting that a resistance allele should always outcompete a priming allele. Furthermore, the net 20 benefit of evolved priming in I lines during experimental evolution was lower than that of evolved 21 resistance in PI lines -after 11 generations, survival had increased marginally from 40% to 50% in I 22 lines, but was as high as 80% in PI lines. Therefore, weakened selection for a resistance allele in I 
9
Assuming that more effective defense incurs a greater maintenance cost, this model predicts that 1 priming (i.e. the survival benefit was transferred to offspring) rather than priming within the same 2 generation. Thus, the stark increase in survival of PI beetles within the first generation of selection 3 (from 40% to 68%) may have arisen from trans-generational immune priming, which would not be 4 detected in our assays designed for within-generation priming. However, given that all experimental 5 lines were standardized under relaxed selection for two generations, it is unlikely that trans-6 generational mechanisms could explain the observed difference in survival between PI and I 7 populations.
In summary, we have documented the first experimental demonstration of rapid evolution of insect 10 immune priming. Our work also represents a rare example where selection imposed by the same 11 pathogen leads to divergent outcomes -either priming ability or basal resistance, but not both. We 12 hope that our results will motivate further experiments to understand the dynamics and mechanistic beetles living significantly longer than unprimed controls after infection (Khan et al. 2016) . However, 20 when we tested beetles against a higher infection dose (~12 × 10 3 cells per beetle), we did not find a 21 significant difference in post-infection survival between primed and unprimed beetles (see Figure S1 ).
22
Note that in both experiments we used the same dose of heat-killed Bt to prime beetles, and only the 23 infection dose varied. We thus expected that the strength of priming would have to increase in order 24 to counter the higher pathogen load used in the present study. For artificial selection, we used 4 selection regimes -control (C), primed only (P), infected only (I) 2 and primed and infected (PI) ( Figure 1A) . We set up four replicate populations for each selection 3 regime (C1 to C4, P1 to P4, I1 to I4, and PI1 to PI4). To initiate populations, we allowed ~1000 adults 4 to oviposit in 500g of wheat flour. After 48h, we removed the adults and allowed offspring to develop 5 for 3 weeks. We sexed offspring at the pupal stage and isolated males and females as virgins in wells 6 of 96-well micro-plates (with ~25 mg wheat flour/well) for 2 weeks to allow adult emergence and 7 sexual maturation. The pupal stage typically lasts for 3-4 days; hence we obtained 10-day-old adults 8 for all experiments. During experimental evolution, we similarly collected pupae from each 9 population to initiate the next generation. We primed 10-day-old adults from each population, either 10 with heat-killed bacterial slurry (priming -P and PI regimes) or with sterile insect Ringer solution 11 (mock priming -C and I regimes) as described above. For C and P regimes, we primed 100 males 12 and 100 females per population; for I and PI regimes, we primed 200 males and 200 females per 13 population since we expected higher mortality after subsequent infection with live bacteria.
15
After priming (or mock priming), we redistributed experimental beetles in wells of fresh 96-well 16 micro-plates (Corning/Genetix) containing wheat flour. In all regimes, we found negligible mortality 17 (<1%) after priming. After 6 days, we challenged individuals from I and PI regimes with live 18 pathogen, whereas beetles from C and P regime were pricked with sterile insect ringer solution (mock 19 challenge). Subsequently, we returned each individual to wells of fresh 96-well micro plates with 20 flour. After two days, we counted the number of survivors from each population. For logistical 21 reasons, we could not record survival for populations C4, P4, PI4 and I4 from generations 1-4 and for 22 all replicate populations at generation 4. Next, we randomly selected 60 live individuals of each sex 23 from each population and combined them in 500 g of wheat to mate and oviposit for 5 days. We then 24 removed adults to allow offspring to develop. Note that although offspring number could vary across Figure 1B ).
14
We then isolated them in the wells of 96-well micro-plates with access to flour. After 6 days, we 15 challenged females from primed and unprimed treatments with live Bt1. Uninfected control females 16 were pricked with insect Ringer. We noted survival of these standardized females derived after 8 17 generations of pathogen selection every 6 hours for 2 days and then every 24 hours for the following 18 50 days. We also noted survival of standardized males and females derived after 11 generations of 19 pathogen selection every 6 hours for 2 days and then every 24 hours for the following 7 days (n = 16-20 26 sex/treatment/replicate population/selection regime). Using this protocol, we also re-evaluated the 21 impact of bacterial infection and priming on females from the unhandled ancestral beetle population.
23
For each standardized population, we used Cox Proportional Hazard survival analysis to test beetle 24 survival as a function of bacterial infection and priming. During experimental evolution, only eggs 25 laid until a week after the immune challenge contributed to the next generation; hence, we expect 26 selection to act strongly only during this period (selection window). We first analyzed beetle survival 27 data until a week after immune challenge and considered individuals that were still alive at the end of 28 15 the 7 th day as censored values. For standardized populations derived at generation 8, we also 1 considered beetles that were still alive at the end of the 50 th day (full dataset) as censored values to 2 estimate the delayed impact of pathogen selection. For each population, we calculated resistance to 3 infection as the estimated hazard ratio of unprimed infected vs. uninfected control groups (Rate of 4 death in unprimed infected group / Rate of death in the uninfected control group). A hazard ratio 5 significantly greater than one indicates an enhanced risk of mortality in the infected group (i.e. lower 6 resistance). In most populations, uninfected control beetles showed no mortality after 7 days (within 7 the selection window) and the hazard ratio would be undefined. Hence, we introduced a single 8 "death" in each of these uninfected control groups on the 7 th day, resulting in a more conservative but 9 finite estimate of the hazard ratio. Finally, we calculated the survival benefit of priming as the hazard 10 ratio of unprimed vs. primed groups. A hazard ratio significantly greater than one indicates increased 11 risk of mortality in the unprimed group compared to primed individuals (i.e. a significant survival 12 benefit of priming).
14
Quantifying specificity of evolved immune priming and resistance
15
We used standardized females derived at generation 8 to test whether the evolved priming response 16 and resistance was specific to the pathogen used for the selection experiment (i.e. Bt). To this end, we 17 used a different pathogenic strain of B. thuringiensis (MTCC 6905) (Bt1) isolated from silkworm, to 18 prime and challenge 10-day-old standardized virgin females as described in experiment 1. We 19 monitored beetle survival every 6 hours for 2 days and daily around 10 pm for the following 7 days (n 20 = 16-24 females/treatment/replicate population/selection regime). We analyzed survival data as 21 described above. We were unable to estimate Bt1 priming in I4 lines for logistical reasons. In a 22 separate experiment, we also tested whether the evolved priming ability (in I1, I2 and I4 lines) 23 requires immune activation via priming with the same pathogen strain (homologous combination: 24 primed and infected with Bt); or whether priming with a different strain could also induce the 25 protective response (heterologous combination: primed with Bt1, infected with Bt). To do this, we 26 primed 10-day-old standardized virgin females from C and I regime with heat-killed Bt and Bt1 as 27 described above. After 6 days, we challenged each beetle with live Bt and noted its survival for 7 days 28 16 (n = 16-24 females/treatment/replicate population/selection regime). We analyzed survival data using 1 Cox proportional hazard analysis to compare beetle survival as a function of homologous priming (Bt-2 Bt) vs. heterologous priming (Bt1-Bt). We did not test population I3 because it did not show a 3 priming response. 5 thuringiensis (DSM 2046; Bt) each generation, whereas all I populations were directly exposed to live 6 Bt each generation without an opportunity for priming. C and P populations (controls) were never 7 exposed to live Bt. (B) Generating standardized beetles to measure evolved priming and resistance.
8
After 8 generations of pathogen selection, we set up parallel populations that experienced relaxed 9 pathogen selection for two generations. For each such "standardized" population, we compared 10 survival of unprimed vs. primed and unprimed vs. uninfected control beetles to estimate priming 11 response and resistance to infection respectively. We followed a similar protocol to generate 12 standardized beetles after 11 generations of pathogen selection. Figure 1A ), during the course of experimental evolution. 60 pairs 2 of survivors from each population were allowed to mate and produce the next generation. 
13
Asterisks in panels F and H denote significant (p ≤ .05) impact of immune priming (i.e. primed 14 beetles survived better than unprimed beetles). Asterisks in panels G and I denote a significant (p ≤
15
.05) susceptibility to bacterial infection compared to uninfected controls (i.e. a lack of resistance
